The critical zone (CZ; defined as the zone between the top of the vegetation canopy and the groundwater) mediates the impact of precipitation amount and timing on water availability and plant productivity. However, CZ structure, including soil and subsurface properties, are almost always unknown, leading to considerable uncertainty in the links between precipitation, plant water availability, and gross production.
.
Critical zone (CZ) science is a systems approach for examining the structure and function of the Earth's surface from the top of the plant canopy to the groundwater (Richter & Billings, 2015) , and it provides a framework for understanding the various meteorological, ecological, and geological factors regulating water availability and GEE in arid and semiarid regions. In the northern Great Basin, work emphasizing the ecological and climatic factors governing plant-water relationships often finds that plant growth, leaf-gas exchange, net ecosystem CO 2 exchange (NEE = GEE minus ecosystem respiration), and GEE are driven by precipitation timing, spring precipitation, or snowpack conditions, and that carbon uptake or plant growth typically increases with greater precipitation amount (Bates, Svejcar, Miller, & Angell, 2006; Bowling, Bethers-Marchetti, Lunch, Grote, & Belnap, 2010; Gilmanov et al., 2006; Kwon, Pendall, Ewers, Cleary, & Naithani, 2008; Loik et al., 2015; McAbee, Reinhardt, Germino, & Bosworth, 2017; Perfors, Harte, & Alter, 2003) . However, the ability of the soil to store water for dry-season use (Germino & Reinhardt, 2014 ; T. J. Smith et al., 2011) , subsurface water redistribution (McNamara, Chandler, Seyfried, & Achet, 2005; Seyfried, Grant, Marks, Winstral, & McNamara, 2008) , and snow drifting (Winstral & Marks, 2014) are important CZ features that create spatially and temporally complex patterns of water availability that often cannot be inferred from microclimate alone.
Aspen deciduous trees and sagebrush shrubs commonly form vegetation mosaics in the Intermountain Western United States and notably the upper montane Great Basin. These aspen/sagebrush mosaics provide an ideal opportunity to examine how CZ structure defined here as near surface soil thickness, aboveground plant canopy, and its water storage properties interact with weather and climate to alter ecosystem water availability. Given the contrast in ecological demands between aspen and sagebrush, it is expected that CZ properties and ecohydrological relationships may vary markedly across aspen/sagebrush vegetation mosaics. Specifically, northern Great Basin aspen is typically restricted to regions with increased mean annual precipitation or near subsurface seeps, implicating increased water availability associated with greater precipitation, water subsidies, and water storage as factors for aspen establishment and growth.
In contrast, sagebrush is frequently found on well-drained coarse soils (T. J. Smith et al., 2011) . Few studies, however, have actually illuminated the links between the spatial distribution of CZ structure and ecohydrological functions in these vegetation mosaics.
Studies commonly use a combination of between-site comparisons and within-site temporal variability to understand patterns of gross or net plant production and its relationship to weather and climate (Biederman et al., 2016; Jin & Goulden, 2014; Knapp & Smith, 2001; Weltzin et al., 2003) . Between-site analyses help identify key structural or functional properties that shape GEE and inform long-term processes and feedbacks that create these structures (Biederman et al., 2016; Jin & Goulden, 2014) . Analysis of within-site interannual variability examines key mechanisms governing water availability and GEE over short timescales. As such, a combined approach that considers within-site and between-site analyses can constrain controls on water availability and GEE and help identify how CZ structure and function impact plant production in vegetation mosaics.
In this study, we develop multiyear records of ecosystem-level GEE at an aspen stand and sagebrush shrubland located in the Reynolds Creek Critical Zone Observatory, Idaho. We compare between-and within-site relationships of precipitation, water availability, and GEE at the two sites and focus our discussion around two main topics. First, we determine how cumulative growing season GEE varies between sites, and we identify if precipitation or soil thickness and water storage capacity regulate ecosystem water availability at the two sites. Second, we examine the sensitivity of cumulative growing season GEE to precipitation variability within each site. We specifically consider if temporal GEE variability is governed by (a) total water supply and/or variable deep soil moisture recharge (Bowling et al., 2010) , (b) precipitation timing and, specifically, spring and summer rains that recharge growing season soil moisture (Kwon et al., 2008 ; T. J. Smith et al., 2011) , or (c) snowpack conditions (Parida & Buermann, 2014) . Third, we consider how CZ structure and function moderate between-and within-site variability in GEE.
2 | DATA AND METHODS
| Study region
The study was conducted at the Reynolds Creek Experimental shed that has variable elevation and lithology consistent with environments typical of the Intermountain West United States (Slaughter, Marks, Flerchinger, Van Vactor, & Burgess, 2001 ). The land is primarily used for cattle grazing, with some irrigated hayfields in the valley. Rain is the dominant form of precipitation at the lower elevations, whereas snow is the dominant form at higher elevations. Sagebrush (Artemisia tridentata sp.), aspen (Populus tremuloides), and, to a lesser extent, Douglas fir (Pseudotsuga menziesii) occur at the highest elevations of this watershed. The most prominent sagebrush species in the area is big sagebrush (Knight, Jones, Reiners, & Romme, 2014) ; big sagebrush is found at elevations from 900-to 3,000-m in deep, well-drained soils and can be found from Canada to Arizona (West, 1988) . Two of three varieties of big sagebrush, Wyoming big sagebrush (A. tridentata ssp. Wyomingensis) and mountain big sagebrush (A. tridentata ssp.
Vaseyana) occur along the elevation gradient at the RCEW (Schwabedissen, Lohse, Reed, Aho, & Magnuson, 2017) . Wyoming big sagebrush is common at lower elevations and transitions to mountain big sagebrush at higher, cooler elevations. Because sagebrush is not a root sprouting species, longevity and seed production are important parts of its ecology. In particular, seed germination and establishment are considered to be important for the persistence of this species. Aspen and Douglas fir occur in small groves in valley bottoms and depressions and on the leeward sides of relief where snow drifts accumulate. In contrast to sagebrush, which is an evergreen shrub, aspen is a broadleaf deciduous tree that has a predominately clonal nature and propagates by root sprouting. Thus, aspen tends to recover rapidly from fire or disturbance (Flerchinger, Seyfried, & Hardegree, 2016) , whereas sagebrush stands may take decades to recover (Nelson, Weisberg, & Kitchen, 2014) . Aspen can germinate from seed, but seedlings are thought to be intolerant to drought. Massive mortality events of aspen have been observed in the past several decades in response to drought, and studies have recently linked these to hydraulic-based thresholds and loss of vascular transport capacity (Anderegg et al., 2015) .
We focused on an aspen/sagebrush vegetation mosaic located at an elevation of~2,100 m in Reynolds Mountain East (RME), a 39-ha catchment that has been intensively monitored by the USDA ARS since as early as 1984 (Slaughter et al., 2001) . Two intensively monitored focal sites were established in the vegetation mosaic. One site was situated in an aspen grove, and the other site was located in a sagebrush shrubland. Douglas fir represents 5% of the RME catchment (Flerchinger, Marks, Reba, Yu, & Seyfried, 2010) and was not included in this study. The aspen and sagebrush sites werẽ 500 m from each other and experienced similar microclimate. Mean temperature over the study period was within 0.51°C between the two sites, and precipitation was within 6% (Table 1) , and is composed of sagebrush shrubs (Artemisia arbuscula and A. tridentata ssp. vaseyana), grasses, and forbs (Flerchinger et al., 2010) . The local topography is sloped, with a draw to the south of the aspen stand. The topography impacts local hydrology; effective precipitation is modulated by snow drifting, with snow being scoured from the sagebrush site on the windswept ridge and deposited near the aspen site on the leeward side of the ridge (Winstral & Marks, 2014) . The aspen site also receives water from lateral subsurface flow (Seyfried et al., 2008) . There have been no recent disturbances at either site, but timber harvest and sheep grazing may have occurred within the last 150 years. Limited cattle grazing occurred during the study period.
| Environmental conditions
The USDA ARS has monitored air temperature, soil temperature, precipitation adjusted for undercatch, snowdepth, streamflow, and soil volumetric water content (VWC) within the RME catchment, and we use these data for this study (Reba et al., 2011; Slaughter et al., 2001 ). Sagebrush site VWC was determined from approximately biweekly neutron probe measurements taken at depths of 15, 30, (Seyfried, Murdock, Hanson, Flerchinger, & Van Vactor, 2001 ). Aspen site VWC was collected every 30 min at depths of 3, 15, 30, 52, 78, and 97 cm using Stevens HydraProbes (Seyfried, Grant, Du, & Humes, 2005) . Streamflow was measured through a 90°v-notch weir that drained the RME catchment. Incoming solar radiation was monitored in conjunction with eddy covariance (EC) towers situated at both sites (Flerchinger et al., 2010) .
2.3 | Soil thickness, texture, and water storage Soils and lithology within the RME catchment are complex with an intermingling of soil units across and within the sagebrush and aspen areas. Multiple layers of volcanic rocks, primarily andesite and rhyolite with some basalt, comprise the bedrock (Ekren, McIntyre, Bennet, & Malde, 1981; McIntyre, 1972) . Soils are primarily poorly developed, highly permeable loams and silt loams (Seyfried et al., 2001) . Soil thickness was determined from soil pits and a model developed by Patton, Lohse, Godsey, Crosby, and Seyfried (2018) that related observed soil thickness to topographic curvature. In brief, soil pits were excavated to a depth below the mobile-immobile regolith contact at numerous sites and at least one pit on planar surface in RME. We used a simple empirical model by Patton et al. (2018) to estimate the slope function between soil thickness and curvature from the standard deviation in catchment curvature derived from a 3-m light detection and ranging digital elevation model and then used the soil pit thickness on the planar surface to estimate the mean soil thickness. We validated the model with the other soil pits (Patton et al., 2018) . From this model,
we developed a map of soil thickness across RME. We estimated water storage within the EC footprint for the aspen and sagebrush sites by multiplying modelled soil thickness with the maximum-to-minimum range in VWC for each site.
We performed soil descriptions for the aspen and sagebrush soil pits (Schoenberger, Wysocki, Benham, & Broderson, 2002) . Bulk pedon soil samples collected at increments in Table 2 were air-dried and sieved to separate fine (<2 mm) and coarse fractions (>2 mm).
We then converted coarse fraction by weight to volume using the mean coarse fraction density of 2.3 g cm −3 (SD ± 0.14), based on water displacement of coarse fraction material on over 150 samples. We determined texture and soil particle size distributions by the hydrometer method (Gee & Or, 2002) and sieved the soil afterward for sand content using a No. 270 (53-μm) sieve. Soil organic carbon was determined from a 20-g subsample of the fine fraction soil. In brief, we removed roots, ground samples, packed and weighed 15-to 60 mg in tin capsules, and analysed them on a Costech ECS 4010 elemental analyser interfaced with a Thermo DELTA V Advantage continuous flow isotope ratio mass spectrometer (EA IRMS; ≤ 0.2 SD). We tested for and found no evidence of soil inorganic carbon in any samples.
| Land-atmosphere exchange
Water and carbon dioxide exchange was determined using EC at both sites (Flerchinger et al., 2010; Reba, Link, Marks, & Pomeroy, 2009 ) was determined by summing GEE between April 1 and September 30. Missing water fluxes were filled according to Flerchinger and Seyfried (2014) .
A plot of GEE derived from measured and filled NEE observations over the entire data record is provided in Figure S1 , demonstrating the integrity of the gap-filled data. We also evaluated the impact of missing periods by comparing GEE from REddyProc with an alternative partitioning and gap filling strategy at the aspen site. Specifically, we estimated GEE at 2-week intervals using a light response curve (Ruimy, Jarvis, Baldocchi, & Saugier, 1995 We also compared ET from the aspen and sagebrush sites with the difference between precipitation and streamflow (P-Q) from the RME catchment to provide an independent check on mass balance.
Catchment-scale ET can be estimated by P-Q if the change in subsurface water storage is small and the net lateral water fluxes is negligible.
| Data reduction and analysis
We used simple linear regression to compare cumulative growing season GEE with annual precipitation, rain that fell after the seasonal snowpack melted (postmelt precipitation), April 1 snowdepth, and snowmelt date. Snowmelt date was identified from the snowdepth record as the calendar day of year (DOY) when the seasonal snowpack completely melted. Intermittent spring snowfalls with brief accumulation were not considered. In a few instances, the snowdepth record was missing observations during snowmelt, and a combination of snowdepth, albedo, and soil temperature was used. Postmelt precipitation was determined by summing precipitation between the snowmelt date and the end of the water year (September 30). We assumed postmelt precipitation quantified soil moisture recharge during the growing season, although some canopy interception, deep percolation, and/or overland flow may have occurred.
We examined the seasonal variation in GEE for the two sites by averaging observations with incoming solar radiation above 400 W m −2 for 2-week periods. Bright-light observations were chosen to reduce light limitations on GEE. Centre of timing was determined for filled GEE under all light conditions by
Centre of timing ¼ Σ GEE*calendar day of year ð Þ = ΣGEE to characterize the seasonality of GEE.
TABLE 2 Soil descriptions for soil pits at the sagebrush and aspen sites including particle size (% sand, silt, and clay), % coarse fraction by volume (>2 mm), modelled fine fraction (<2 mm) bulk density (BD FF ), % carbon by weight of the fine fraction (g C g −1 soil), and root description (3), common (2), or few (1) roots (Schoenberger et al., 2002) .
Dry-season water limitations were inferred from the ratio of ET to potential ET (ET to PET). PET was determined from Food and Agriculture Organization crop reference ET using procedures outlined by Allen, Pereira, Raes, and Smith (1998) . We interpreted reductions in the ratio of ET to PET as increased water limitations.
3 | RESULTS
| Environmental conditions
Mean annual temperature for the entire study period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) was 5.8°C at the sagebrush site and 5.3°C at the aspen site, and the mean annual precipitation was 920 mm at the sagebrush site and 978 mm at the aspen site (Table 1) Table 1 ).
Postmelt precipitation was less than 250 mm at both sites and ranged from 4% to 28% of annual precipitation.
ET from the sagebrush and aspen sites increased in April-June and was coincident with declining snowpack and reduced rainfall (Figure 2) . Evaporative fluxes declined, and therefore, cumulative ET levelled off at the end of each water year at both sites. In both dry and wet years, cumulative ET was similar within each site, a contrast with the marked variability in cumulative precipitation.
| Soil thickness and other properties
Modelled soil thickness averaged 83 ± 32 cm across the RME catchment. Soils were generally thicker in the aspen areas compared with the sagebrush areas. Modelled soil thickness was 90 ± 45 cm within the aspen EC footprint and 78 ± 22 cm within the sagebrush EC footprint (M ± 1 SD; Figure 1 ). Soil thickness determined from the soil pits was 130 cm at the aspen site and 86 cm at the sagebrush site, which is within 1 SD of these modelled means ( Table 2) .
Lithology of the specific soil pits was described as basalt at the sagebrush site and welded tuff at the aspen site. Coarse fraction (>2 mm) was high within the soil pits at both sites, averaging over 50%, but it was distributed more evenly within the sagebrush site compared with the aspen site where large boulders were present at 20-to 33-cm depth (90.5%). Clay content was substantially higher at
Snowdepth ( the aspen site compared with the sagebrush site, averaging 27.4% compared with 14.0% (11.1% and 6.9%, respectively, when accounting for coarse fraction). Carbon content was higher throughout the aspen profile compared with the sagebrush profile. In total, the aspen site had almost two times more soil carbon than had the sagebrush site,
8.08 compared with 5.88 kg C m −2 when accounting for coarse fraction (Table 2) .
| Soil water storage
Soil water storage increased during winter and early spring when precipitation was high, the snow was melting, and ET was low (Figure 2 ).
Soil water storage decreased during late spring, reached a minimum in mid-August, and remained low for the remainder of the water year at with the drawdown of soil moisture and decreased water storage (Figures 2 and 3) . The ratio of ET to PET also decreased during the dry season, showing that these late-summer decreases cannot be attributed to reduced evaporative demand ( Figure 5 ). Water limitations inferred from the ET to PET ratio were greatest at the sagebrush site where soils were thin and VWC was low but also occurred at the aspen site in at least some years ( Figure 5 ). The decline in ET to PET ratio through the dry season occurred over a wide range of conditions, including years with a deep snowpack and high precipitation, shallow snowpack and low precipitation, early snowmelt, and late snowmelt ( Figure 5 ; Table 1 ). The reduction in ET to PET ratio at the aspen site was consistent with snowmelt timing. Specifically, aspen site ET to PET ratio was lowest in 2007 and 2012, the two years with earliest snowmelt date.
| Gross ecosystem CO 2 exchange
Seasonal variation in GEE ( Figure 6 ) coincided with typical patterns of plant phenology in the northern Great Basin, including plant dormancy, bud break, leaf development, canopy growth, and senescence.
Aspen site GEE exceeded sagebrush site GEE during the peak growing Basin, cumulative GEE increased with annual precipitation tõ 600 mm year −1 and then levelled off ( Figure S2 ; Fellows, Flerchinger, Lohse, & Seyfried, 2018; Fellows, Flerchinger, Seyfried, & Lohse, 2017; Gilmanov et al., 2006) . Our aspen and sagebrush sites were wetter compared with the other reported sites, with the aspen site cumulative GEE being higher than are other sites. GEE at the sagebrush site, however, is comparable with that at sites with about half of its annual precipitation. Importantly, the climate was similar at the sagebrush and aspen sites and cannot explain the between-site variability in GEE, suggesting that ecosystem distributions and CZ structure and function played a central role.
| How does GEE vary between the aspen and sagebrush sites?
Cumulative growing season GEE was approximately twofold greater at the aspen site than at the sagebrush site, underscoring the marked variability in GEE in Western U.S. rangelands and that aspen ecosystems act as "hot spots" for carbon sequestration in wetter parts of the Intermountain West and Great Basin (Chapin, Matson, & Mooney, 2002 ; Figure 8 ). The difference in cumulative growing season GEE between the aspen and sagebrush sites was similar to the variation in GEE observed across a 200-600 mm year −1 gradient in mean annual precipitation observed in the Great Basin ( Figure S2 ) and elsewhere in the arid and semiarid Western United States (Biederman et al., 2016) . Moreover, between-site differences in cumulative GEE were far greater than interannual variability within each site (Figure 8 ; Sala et al., 2012) .
Plant functional type and associated shifts in LAI are critical for understanding spatial variability in gross production in the Intermountain Western United States. Clearly, differences in plant type and LAI between sagebrush and aspen ecosystems serve to explain differences in GEE; however, we explore differences in the CZ structure that contribute to this stark difference in plant functional type. Aspen is often restricted to wetter regions in the Intermountain West (Mueggler, 1988) , and recent plant physiological studies show that aspen is vulnerable to prolonged and repeated drought (Anderegg et al., 2013) .
Our results show that increased water availability at the aspen site compared with the sagebrush site was due to soil properties, not weather or climate, and Seyfried et al. (2008) 4.2 | How does temporal GEE vary within the aspen and sagebrush sites?
Many of the subsurface structural and functional differences described above reflect processes and/or feedbacks that link ecosystem structure, soil development, topography, and ecosystem water availability over 1-1,000s of years or more (Biederman et al., 2016; Chapin et al., 2002; Jin & Goulden, 2014) . In contrast, the within-site temporal sensitivity of sagebrush site GEE to postmelt precipitation and aspen site GEE to spring snowpack timing and/or amount can be understood through ecological, climatological, and physical mechanisms that vary at seasonal and annual time periods.
At the sagebrush site, the sensitivity of cumulative GEE to postmelt precipitation (Figure 8 ) presumably reflected the recharge of soil moisture pools during the growing season, and associated reductions in water limitations and/or delayed grass and forb senescence (Kwon et al., 2008 ; T. J. Smith et al., 2011) . Specifically, the sagebrush site soil appeared to be completely recharged during snowmelt, leading to a relatively fixed amount of water for dry-season use (Figures 2 and 9 ). Drawdown of this soil moisture following snowmelt provided additional storage space for spring and summer rains that can fill depleted soil moisture pools, delay water stress and plant senescence, and increase cumulative GEE (T. J. Smith et al., 2011) . It is notable that postmelt precipitation exceeded 150 mm at the sagebrush site ( Figure 8c ) and was comparable with ecosystem water storage in the entire sagebrush soil profile (Figure 2 ).
At the aspen site, GEE seasonality was associated with snowmelt date and indicated a strong link between onset of spring GEE, and summer drought governed cumulative growing season GEE (Figures 5, 6, and 7d; Hu, Moore, Burns, & Monson, 2010; Parida & Buermann, 2014; Sacks, Schimel, & Monson, 2007; Wolf et al., 2016) . Early snowmelt reduced spring water inputs (Figure 2 ), triggered environmental conditions that advanced GEE onset and soil moisture withdrawal (Figure 6, 7c, and 8; Richardson, Black, Ciais, et al., 2010) , and may have also reduced subsurface water flow via soil drying and associated reductions in catchment-scale subsurface hydrological continuity (McNamara et al., 2005; Seyfried et al., 2008) . We hypothesize these ecological and physical mechanisms worked in concert to reduce late-summer ecosystem water availability at the aspen site when snowmelt was early (Figures 5 and 7d ).
The weak sensitivity of GEE to annual precipitation totals may be common in winter-wet cold semiarid ecosystems, particularly where precipitation is above 500 mm, and snowmelt dominates recharge (T.
J. Smith et al., 2011) . In these regions, soil depth, volumetric water holding capacity, root depth, and other slow time-varying (>1 year)
CZ structures limit water storage and cannot adjust to marked seasonal or interannual variability in water supply (Jin & Goulden, 2014; Knapp & Smith, 2001) . At the aspen and sagebrush sites, most of the precipitation arrived during winter and entered the soil during snowmelt. Snowmelt and spring soil moisture recharge was rapid, replenished the soil profile (Figure 2 ; Seyfried et al., 2008) , exceeded storage, generated streamflow (Figure 9 ), and was lost from ecosystem use. This mechanism decoupled precipitation from cumulative growing season GEE (Figure 8a ). The slope of annual streamflow and precipitation regression was~1, further indicating this mechanism could account for nearly all the observed decoupling of annual precipitation from ecosystem water availability and cumulative growing season GEE (Figure 9 ). Collectively, it appears that soil depth and water storage capacity that evolve on longer timescales may place key constraints on the resistance and resilience of ecosystems to droughts and changing weather (Jin & Goulden, 2014) , particularly when winter precipitation is sufficient to completely recharge subsurface water pools.
| CONCLUSIONS
Aspen-sagebrush vegetation mosaics created approximately twofold variations in cumulative growing season GEE at~500-m spatial scales.
The marked contrast in cumulative growing season GEE reflected differences in CZ structure, not climate, suggesting mapping and understanding CZ structure and function would improve predictions of water storage and spatial GEE variability at subcatchment scales.
Within the aspen and sagebrush sites, cumulative growing season GEE varied weakly with annual precipitation. We attributed the weak variability in cumulative growing season GEE to large winter precipitation and spring snowmelt that simply exceeded the local soil water storage and generated streamflow, rather than changing the water available for ecosystem use. Previous work has stressed the importance of deep soil moisture recharge on plant health and production, and we interpret the consistent recharge of deep soil moisture pools in the RME catchment as an ecosystem property that promotes stability in cumulative growing season GEE despite marked annual precipitation variability.
Despite the substantial snowmelt recharge, water limitations occurred during the dry season at both sites ( Figure 5 ). Cumulative growing season GEE and timing of seasonal GEE varied with spring and summer rain at the sagebrush site and with winter precipitation through its influence on April 1 snowdepth and snowmelt timing at the aspen site. Water limitations were greatest at the sagebrush site where soils were thin and soil water storage was low. The sensitivity of cumulative GEE to postmelt precipitation at the sagebrush site was consistent with anticipated controls on ecosystem water availability and GEE in capacity-limited upland sagebrush ecosystems (T. J. Smith et al., 2011) .
Although more complex, temporal GEE variability at the aspen site required a combination of mechanistic controls on subsurface water redistribution, soil storage, and plant phenology (McNamara et al., 2005; Richardson et al., 2010; Seyfried et al., 2008) . Greater productivity at the aspen site reflects greater subsurface water storage ( Figure 2 ) and a shorter dry season associated with a later snowmelt and delayed bud break, leaf extension, and plant water withdrawal at the site (Figures 7d and 8b ; Flerchinger et al., 2010) . The contrasting response of these ecosystems to precipitation timing underscores the challenge of anticipating the impact of vegetation production to future precipitation scenarios.
